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(Background: ApoAl, a component of HDL, promotes anti-inflammatory, immunomodulatory, and cardioprotective

Results: ApoAl suppresses tumor growth and metastasis, primarily via modulation of innate and adaptive immune responses.
Conclusion: ApoAl impacts tumor biology at multiple levels, which appear to be linked to immunomodulatory function.
Significance: ApoAl redirects elicited immune cells toward tumor suppression and rejection and may hold benefit as a cancer

J

Here, we show that apolipoprotein A1 (apoA1l), the major pro-
tein component of high density lipoprotein (HDL), through
both innate and adaptive immune processes, potently sup-
presses tumor growth and metastasis in multiple animal tumor
models, including the aggressive BI6F10L. murine malignant
melanoma model. Mice expressing the human apoA1 transgene
(A1Tg) exhibited increased infiltration of CD11b* F4/80%
macrophages with M1, anti-tumor phenotype, reduced tumor
burden and metastasis, and enhanced survival. In contrast,
apoAl-deficient (A1KO) mice showed markedly heightened
tumor growth and reduced survival. Injection of human apoAl
into A1KO mice inoculated with tumor cells remarkably
reduced both tumor growth and metastasis, enhanced survival,
and promoted regression of both tumor and metastasis burden
when administered following palpable tumor formation and
metastasis development. Studies with apolipoprotein A2
revealed the anti-cancer therapeutic effect was specific to
apoAl. In vitro studies ruled out substantial direct suppressive
effects by apoA1l or HDL on tumor cells. Animal models defec-
tive in different aspects of immunity revealed both innate and
adaptive arms of immunity contribute to complete apoA1 anti-
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tumor activity. This study reveals a potent immunomodulatory
role for apoAl in the tumor microenvironment, altering tumor-
associated macrophages from a pro-tumor M2 to an anti-tumor
M1 phenotype. Use of apoAl to redirect in vivo elicited tumor-
infiltrating macrophages toward tumor rejection may hold ben-
efit as a potential cancer therapeutic.

The incidence of malignant melanoma, a leading cancer in
people under the age of 30, is rapidly rising worldwide (1, 2).
This aggressive skin cancer is known to incite significant
inflammation and infiltration of phagocytic innate immune
cells such as monocytes, macrophages, and myeloid dendritic
cells at the site of early tumor development (3). Inflammation is
a central instigator of many chronic diseases, including cardio-
vascular disease (4, 5), as well as cancer (6, 7). A salient feature
of tumor-associated inflammation is the recruitment of innate
and adaptive immune cells to the tumor microenvironment via
cytokines and chemoattractants produced by the tumor cell
and its associated tumor stromal cells. Within the tumor
microenvironment, dysregulated interactions of innate
immune myeloid cells, including myeloid-derived suppressor
cells (MDSCs)? and tumor-associated macrophages (TAMs),
with T and B cells of the adaptive immune system, are believed
to facilitate tumor cell immune evasion, migration, tumor-as-
sociated angiogenesis, and metastasis (6 —8).

HDL is a ubiquitous plasma lipoprotein with presumed
atheroprotective functions mediated primarily via its choles-
terol efflux activity (9, 10). However, recent Mendelian genetics
studies question the widely accepted causal role of HDL in ath-
erosclerosis protection (11). Interestingly, a number of studies

2 The abbreviations used are: MDSC, myeloid-derived suppressor cell; TAM,
tumor-associated macrophage; DC, dendritic cell; TIL, tumor infiltrating
leukocyte; LPA, lysophosphatidic acid; NSG, NOD Scid IL2r .
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of HDL and its associated proteome have suggested an
expanded repertoire of activities for the lipoprotein beyond
simply serving as a shuttle of cholesterol cargo during reverse
cholesterol transport, including anti-inflammatory, anti-para-
sitic, anti-apoptotic, and innate immune activities (9, 12, 13).
Specifically, HDL functions as an anti-inflammatory molecule
by interaction with the vascular endothelium and through
interaction with circulating inflammatory cells (9, 12—-14). HDL
displays anti-parasitic functions by virtue of a subset of its par-
ticles carrying a parasite-specific lysosomal pore-forming pro-
tein (15), and HDL demonstrates anti-apoptotic and anti-oxi-
dant activities by its ability to directly influence intracellular
signaling cascades or to deliver anti-oxidant proteins such as
paraoxonase 1, which stimulates the ERK1/2 and PI3K
signaling pathways (16 —18). Furthermore, apolipoprotein Al
(apoAl), the major structural protein of HDL, when either
expressed or injected in vivo, spontaneously lipidates forming
HDL and demonstrates a number of innate immune activities,
including the following: (i) antiviral effects for both enveloped
and nonenveloped DNA and RNA viruses (19, 20); (ii) anti-
parasitic activity as mentioned above; (iii) both bacteriocidal
and bacteriostatic effects (21); and (iv) modulatory effects on
regulatory T cells (22). Potent bacterial toxin neutralizing activ-
ities of HDL are attributed primarily to apoA1, which binds and
neutralizes both bacterial endotoxin and lipoteichoic acid (23,
24). ApoA1/HDL is thus situated at the nexus of a number of
physiologically significant immune, anti-inflammatory, and
anti-apoptotic functions.

A role for apoAl as a therapeutic agent for cardiovascular
disease is currently under intense study (4, 9, 12, 25). Synthetic
HDL nanoparticles were recently shown to inhibit B cell lym-
phoma xenografts in mice in a scavenger receptor class B, type
I-dependent manner (26). Interestingly, these authors did not
observe any anti-tumor effect by HDL from human serum.
Reconstituted nascent HDL particles have been explored for
the targeted systemic delivery of anti-tumor small interfering
RNA into tumor cells expressing scavenger receptor class B,
type I (27). Short amphipathic a-helical peptides, presumed
mimetics of apoAl with potent anti-inflammatory activity,
have also been investigated and shown to modulate ovarian
cancer phenotype through binding to lysophosphatidic acid
(28, 29). However, the intact apoAl protein was observed to
bind poorly to lysophosphatidic acid and to be significantly less
potent than the amphipathic peptides. A role for the intact
apoAl protein as a potential chemotherapeutic agent through
modulation of the immune system, thereby influencing the
tumor microenvironment and cancer development, has not
been examined. Here, we test the hypothesis that genetic
manipulation of apoA1l levels, or direct pharmacological provi-
sion of full-length apoA1, directly impacts tumor cell biology in
multiple cancer models, and we address the associated mecha-
nisms responsible for the strikingly potent anti-neoplastic
properties observed for this apolipoprotein.

EXPERIMENTAL PROCEDURES

Mice—All mouse studies were performed under approved
Institutional Animal Care and Use Committee protocols at the
Cleveland Clinic. C57BL/6] (wild type (WT) mice), A1KO,
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Al1Tg"’~, A1Tg"'", and NSG (NOD-Scid-IL2r ) mice were
purchased from The Jackson Laboratory and bred at the Bio-
logical Research Unit of the Cleveland Clinic. Nude mice
(nu/nu Ncr) were obtained from Athymic Animal and Tumor
Core at Case Western Reserve University (Cleveland, OH).

Tumor Cell Lines—Mouse tumor cell lines B16F10 mela-
noma, Lewis lung, and the human melanoma A375 were
obtained from American Type Culture Collection (ATCC,
Manassas, VA) and cultured in DMEM supplemented with 10%
heat-inactivated fetal calf serum (FCS), 2 mm L-glutamine, and
antibiotic/antimycotic (Invitrogen) at 37 °C and 5% CO, in a
humidified atmosphere. B16F10L was isolated from lung
metastasis in WT C57BL/6], and a variant expressing luciferase
(firefly, Photinus pyralis) was engineered by cotransfecting
B16F10L cells with pKCPIRlucBGHS5.3 (the kind gift from Yan
Xu, Indiana University School of Medicine) and pcDNA3
(Invitrogen, 3:1 ratio) using Lipofectamine (Invitrogen) and
selected with 1.1 mg/ml G418 (Invitrogen) over 3 weeks. Pools
of luciferase-expressing tumor cells were used for the study.

In Vivo Tumor Studies— 8 —10-Week-old male and female
animals (with the exception of the human melanoma A375
experiment where females were used) were inoculated subcu-
taneously on both flanks with 10° tumor cells per site. For his-
tological, RNA, and Western blotting analyses of tumor, ani-
mals were inoculated at multiple sites. Tumor volume, based on
caliper measurements, was calculated three times a week
according to the ellipsoid volume formula, tumor volume =
(the shortest diameter) X the largest diameter X 0.525. Tumor
volume is expressed as mean value, where n = number of tumor
inoculation sites (two per animal). Whole body in vivo biolumi-
nescent imaging was performed on shaved animals using an
IVIS system (Xenogen Corp., Alameda, CA) with p-luciferin
(potassium salt, Gold Biotechnology, St Louis, MO) according
to manufacturer’s instructions. Livinglmage software (Xeno-
gen Corp.) and Igor Image analysis software (Wave Metrics,
Lake Oswego, OR) were used for data analyses. Because tumors
were injected on the dorsal side, photons emanating from the
ventral side of the animals were used to quantify metastasis.
Metastasis was routinely observed in the abdominal, thoracic,
and neck region in advanced tumors. Imaging data are
expressed as total flux, photons/s, where n = number of ani-
mals per genotype or treatment group.

ApoAl, ApoA2 Injection Studies—Apolipoproteins (apoAl
or apoA2; 15-20 mg/animal) purified from human plasma (see
below) were injected subcutaneously in the neck region away
from the tumor injection site every other day. Plasma (EDTA)
or serum levels of human apoAl were determined using an
immunoassay on an Architect ci8200 (Abbott Diagnostics,
Abbot Park, IL) using a standard curve validated by adding
varying levels of isolated purified human apoAl to apoA1-KO
mouse plasma.

T Cell Proliferation Assays—T cell proliferation assays were
performed using mixed lymphocyte reactions. CD3™ T cells
isolated by negative selection (Miltenyi Biotec, Cambridge,
MA) from Balb/c splenocytes were used as T effectors (1 X 10°
cells), and irradiated (1 X 10° cells, 3,000 rads) WT C57BL/6]
splenocytes were used as feeder cells. CD11c cells were isolated
from spleens of naive or tumor-bearing mice with CD11c FITC
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antibody (clone N418, 11-0114, eBioscience, San Diego) and
FITC beads (120-000-293, Miltenyi Biotec). Pooled cells were
co-cultured at T effector to CD11c cell ratios of 1:1, 5:1, 10:1,
and 20:1 in 96-well U-bottom plates. During the last 18 h of
culture, cells were pulsed with [*H]thymidine (1 wCi/well) prior
to harvesting and counting in a beta scintillation counter
(PerkinElmer Life Sciences).

F4/80™ Isolation—Pooled tumors were minced and digested
(RPMI medium with collagenase IV (1 mg/ml, Worthington),
hyaluronidase V (2.5 units/ml Sigma), and DNase I (0.1 mg/ml,
Sigma) by incubating for 45 min at 37 °C. Debris and undigested
tumors were removed by filtration (70 and 40 wm pore size; BD
Biosciences). Dissociated cells were stained with biotinylated
F4/80" monoclonal antibody (clone CI:A3-1; AbDSerotec,
Raleigh, NC) and anti-biotin microbeads using a magnetic bead
sorting system (Miltenyi Biotec).

Tumor Cytotoxicity Assays—Tumor-bearing animals were
i.p. injected with thioglycollate on day 15 and lavaged (perito-
neum) 4 days later. F4/80™ cells were purified from peritoneal
exudates as described above. They were then cocultured imme-
diately with B16F10L cells in vitro, and cell viability was
assessed after 3 days. Briefly, F4/80™" cells were seeded at 5:1
and 10:1 effector (E) (F4/80" cells) to target (T) (B16F10L
tumor cells) ratios with target cells at 2,000 cells/well in 96-well
flat bottom tissue culture plates in RPMI with 10% FBS and
penicillin/streptomycin in a final volume of 200 ul per well. Cell
viability was determined using CytoTox GLO kit (Promega,
Madison, WTI).

RNA and Quantitative Real Time PCR (qRT-PCR)—Total
RNA was prepared using the RNeasy Mini kit (Qiagen, Valen-
cia, CA) with on-column DNase treatment (79254, Qiagen).
Tissue culture cells were processed immediately, and tumor
tissue was stored in RNA later for analyses at subsequent times.
RNA was reverse-transcribed (high capacity cDNA reverse
transcription kit, Invitrogen), and qRT-PCR was performed
using gene-specific TagMan probes on a StepOne Plus instru-
ment (Invitrogen). The quantity of target mRNA was normal-
ized to the level of B2m (,-microglobulin) in each sample. The
relative number of copies of mRNA (RQ) was calculated using
the AAC, method.

Immunohistochemistry—Fresh frozen tumors (OCT, Tissue-
Tek) were acetone-fixed before immunostaining. Immuno-
complexes were visualized using alkaline phosphatase red
detection kit (Vector Laboratories, Burlingham, CA) and a
fluorescent microscope (Nikon Instruments) with DAPI
(Vectashield, Vector Laboratories) nuclear counterstaining.
The antibodies were as follows: CD11b, clone M1/70
(MAB1124, R&D Systems, Minneapolis, MN), F4/80, clone
BMS8 (14-4801, eBioscience), GR1, clone RB6-8C5 (550291,
Pharmingen). For histological evaluation of survivin (71G4B7,
Cell Signaling Technology, Inc., Danvers, MA), tumors were
fixed in 10% neutral-buffered formalin, embedded in paraffin,
and subjected to antigen retrieval before immunostaining.
Images (collected with a X20 objective) were analyzed with
Image-Pro Plus (version 7.0, Media Cybernetics, Silver Spring,
MD).
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Tumor Protein Extract, Western Blotting, and Enzyme Activ-
ity Assays—Two resected tumors from each mouse were
pooled 7 days post tumor inoculation, snap-frozen in liquid
nitrogen, and stored at —80 °C. Protein extracts were made
from tumor homogenate in lysis buffer (50 mm Tris/HCI, pH
7.4,150 mm NaCl, 1 mm EDTA, 1% Nonidet P-40, 1 mM sodium
orthovanadate, 20 ug/ml aprotinin, 5 pg/ml leupeptin, 10
pg/ml pepstatin A, 1 mm PMSF, 20 mM sodium fluoride, 2 mm
sodium pyrophosphate, 25 mm sodium metabysulfate, 25 mm
B-glycerolphosphate, 5 mm benzamidine) by centrifuging at
20,800 X g for 30 min at 4 °C and the supernatant used for
protein and enzyme analysis. MMP-9 and VEGF protein were
detected with goat anti-MMP-9 (AF909, R & D Systems) and
goat anti-VEGF 164 (AF-493, R & D System:s), respectively. Sig-
nal intensity was quantified using the Odyssey infrared detec-
tion system (Li-COR, Lincoln, NE). Specific proteins were nor-
malized to B-actin on the same membrane. QuickZyme mouse
MMP-9 activity assay kit (QuickZyme BioSciences, Nether-
lands) was used to assay enzyme activity as per the manufactur-
er’s protocol.

Flow Cytometry—Splenocytes, isolated by mechanical dis-
ruption, were lysed for RBCs (LCK lysis buffer, Invitrogen) and
stained with fluorochrome-conjugated CD11b (CD11b-PE,
clone M1/70, 12-0112, eBioscience), GR1 (GR1-APC, clone
RB6-8C5, 17-5931, eBioscience; GR1-PE-Cy7, clone RB6-8C5,
25-5931, eBioscience), LY-6C (LY-6C-APC, clone AL-21,
560595, Pharmingen), and F4/80 (F4/80-APC, clone BMS,
17-4801, eBioscience). Tumors were digested, and after RBC
lysis (described above), cells were labeled with fluorochrome-
conjugated CD45 (CD45.2-APC; clone 104, 17-0454, eBiosci-
ence), CD11b (CD11b-PE, clone M1/70, 12-0112, eBioscience),
GR1 (GR1-AF700, clone RB6-8C5, 557979, Pharmingen), CD3
(CD3-AF700, clone 17A2, 561388, Pharmingen), CD4 (CD4-
FITC, clone RM4-5, eBioscience), and CD8a (CD8a-PerCP,
clone 53-6.7, Pharmingen). Cells were acquired on a BD LSRII
FACS machine and gated on Live (Live/Dead Violet, L34955,
Invitrogen), and data were analyzed using FlowJo software
(Treestar Inc., Ashland, OR).

Tumor Angiogenesis—Blood vessels feeding directly into day
7 B16F10L melanoma tumors in anesthetized animals were
counted under a dissecting microscope at X12.5 magnification.
Every visible vessel touching the circumference of the tumor
nodule was scored as a single vessel. Two measurements were
taken to assess the tumor area (the largest diameter coplanar
with the skin, and a second diameter perpendicular to the first).
The product of these two measurements was used as an index of
tumor area. Images were captured using World Precision
Instruments operating microscope PSMT5 with X12.5 objec-
tive lens. Each experimental group contained seven mice each
bearing two tumors. Tumor photographs were subjected to dig-
ital analysis using Vesgen software, where the region of interest
(white in Fig. 7B, middle panel) representing the tumor mass
defined the perimeter of the tumor. The output was a series of
color Generation Maps (colored vessels on black background)
in which the largest diameter vessels were defined as G, (red),
with each subsequent smaller generation represented as G,—Gg
(Fig. 7B, right). The number of blood vessels was expressed
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based on total vessel area, vessel length density, and vessel
diameter.

Gene Expression Analysis of HDL Treated Bone Marrow-de-
rived Macrophages—Bone marrow progenitor cells from 10- to
11-week-old WT female C57BL/6] mice were differentiated in
vitro in standard 20% (v/v) L cell conditioned medium for 7—8
days. ApoAl purified from human plasma (described below)
was used to assemble reconstituted HDL generated by the
cholate dialysis method (described below). Bone marrow-de-
rived macrophages were seeded (8 X 10° cells per well; 6-well
tissue culture plate) overnight in RPMI medium in the presence
of 5% (v/v) lipoprotein-deficient serum from human plasma
(85519, Sigma), 50 ng/ml recombinant human macrophage col-
ony-stimulating factor, mCSF (300-25, PeproTech), 50 um
B-mercaptoethanol, and penicillin/streptomycin. Reconsti-
tuted HDL (0.75 mg protein/ml) was added to the medium, and
RNA was isolated after 24 h. Total RNA from pooled replicates
was prepared, amplified, and biotinylated for hybridization to
[llumina Murine BeadChips (mouse Ref-8, version 1.1, Illu-
mina, Inc., San Diego) using Illumina TotalPrep RNA amplifi-
cation kit (AMIL1791, Applied Biosystems, Invitrogen) accord-
ing to the manufacturer’s protocol. Arrays were scanned in an
[llumina Bead Station, and the images were processed using
[lumina Bead Studio software. Raw data were quantile-nor-
malized, background-corrected, and filtered with a detection p
value of <0.01 and a 2-fold change in expression between HDL
treatments versus PBS control-treated cells.

HDL, ApoAl, and ApoA2 Purification—Plasma for human
HDL and apoA1/2 isolation was obtained from healthy donors
after obtaining informed consent. All human study protocols
were approved by the Cleveland Clinic Institutional Review
Board. Throughout HDL and apoAl isolation conditions, care
was taken to ensure sterility. All nondisposable glassware used
was first baked at 500 °C overnight. HDL was isolated by buoy-
ant density ultracentrifugation (KBr; 1.063-1.21 g/ml). HDL
proteins were delipidated, precipitated, dried under N,, and
resuspended in 20 mm Tris, pH 8.5, freshly deionized 6 m urea
supplemented with 10 mm ethanolamine (30), and then imme-
diately further purified by anion-exchange chromatography
(Q-Sepharose HP HiLoad, 20 cm? X 15 c¢cm) (31). Isolated
apoAl and -A2 were immediately dialyzed into sterile normal
saline and either concentrated for injection or dialyzed into
phosphate-buffered saline for HDL assembly. Endotoxin levels
were measured by Limulus amoebocyte lysate (Charles River
Laboratories, Wilmington, MA) method (0.05 < X < 0.25
EU/mg/ml protein). Reconstituted nascent HDL (2 apoAl, 20
cholesterol, 200 1-palmitoyl-2-oleoyl-L-phosphatidylcholine,
mol/mol/mol) was prepared by the cholate dialysis method
(32). Purity (>99%) of human apoA1l and apoA2 was confirmed
by SDS-PAGE.

Lysophosphatidic Acid Analyses—Following addition of
internal standard, lysophosphatidic acid (LPA) was extracted
from mouse plasma and quantified by HPLC with on-line elec-
trospray ionization tandem mass spectrometry as described
previously (33), using an AB SCIEX QTRAP 5500 mass
spectrometer.

Statistical Analysis—All error bars represent the mean = S.E.
unless otherwise designated. Significant differences of tumor
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growth between two groups were assessed by Student’s ¢ test
and in multiple groups by analysis of variance. A probability
value of p < 0.05 was considered significant.

RESULTS

HDL Levels Affect Tumor Development in Vivo—To initially
examine the effect of apoA1l on tumor progression and metas-
tasis, we used B16F10L melanoma tumor cells and syngeneic
animal hosts either lacking apoA1 (A1KO) and having low HDL
levels (19.1 = 1.7 mg/dl HDL cholesterol), wild type (WT)
C57BL/6] mice (52.0 = 4.5 mg/dl HDL cholesterol), or mice
overexpressing the human apoAl transgene (Al1Tg"’~,
110.6 = 7.5 mg/dl HDL cholesterol) in which murine apoAl is
markedly suppressed (34). Following subcutaneous inoculation
of tumor cells bilaterally on the dorsal surface of mice, tumor
growth was monitored and observed to be >10-fold reduced in
A1Tg"™’~ mice compared with A1KO (Fig. 14, p < 0.05). In
parallel studies, metastasis growth was monitored in real time
by in vivo bioluminescent imaging of the ventral surface of ani-
mals inoculated instead with a BI6F10L variant stably express-
ing Renilla luciferase. Similarly, A1Tg"’~ mice exhibited a
>10-fold reduction in metastasis development compared with
A1KO mice (Fig. 1B, p < 0.05). To determine whether the anti-
neoplastic effect of apoA1l was unique to malignant melanoma
tumor growth, parallel experiments were performed inoculat-
ing Lewis lung tumor cells, another syngeneic tumor model in
C57BL/6] mice. Growth of Lewis lung tumors was also signifi-
cantly (p < 0.05) inhibited in A1Tg*’~ mice, and with even
further tumor growth inhibition in animals homozygous for the
human apoA1 gene (A1Tg"/*, Fig. 1, Cand D, p < 0.05). These
results thus revealed dose-dependent reduction in tumor
growth with increasing apoA1 levels, with A1KO mice showing
the greatest rates of tumor growth, and A1Tg"’" mice, which
express human apoAl at ~1.5-fold higher levels relative to
A1Tg"’~ mice, showing minimal tumor growth (Fig. 1, C and
D). Because tumor growth and metastases in A1Tg"/ " animals
was so markedly inhibited and as a practical matter, in further
studies outlined below, we often employed A1Tg"/~ mice in
experiments designed to probe mechanisms of apoAl anti-tu-
mor activity. A1Tg"’~ mice provided sufficient amounts of
tumor tissues to be harvested to obtain enough material to iso-
late specific cells or to determine mRNA, protein, and enzy-
matic activity levels.

Pharmacological Delivery of ApoAl Prevents Tumor Growth
and Metastasis—The above results suggested pharmacological
administration of apoA1 may provide therapeutic benefit as an
anti-tumor agent. To test this hypothesis, the BI6F10L mela-
noma model was examined due to its rapid and widely meta-
static disease course. A regimen of subcutaneous injection of
human apoA1 on alternating days was empirically developed in
A1KO animals resulting in maintenance of plasma apoA1 levels
within the normal physiological range observed in humans
(trough 79 = 7 versus peak 151 * 9 mg/dl; data not shown). In
initial studies, apoA1 (15 mg/animal) was administered prior to
tumor inoculation to optimize potential observed effects, and
in later studies (see below), the impact of apoAl therapy on
pre-existing (palpable) tumors and metastasis was tested.
Remarkably, apoAl injections provided extraordinary protec-
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FIGURE 1. Enhanced tumor growth and metastasis in apoA1 null (A1KO) mice. Syngeneic C57BL/6J mice of indicated genotypes were inoculated with
B16F10L melanoma (A), B16F10L-luciferase melanoma (B), or Lewis Lung (C and D) tumor cells. Tumor volume at the site of inoculation was monitored by
caliper measurements (A, C, and D). D reflects Lewis lung tumor volume on day 48. Metastasis was measured by in vivo bioluminescence (B). Data points are

mean values = S.E.

tion from tumor growth and metastasis compared with the
vehicle control (normal saline) (Fig. 2). Tumor growth was
readily detected at the site of tumor cell inoculation in the
A1KO control group within several days, whereas the lack of
luminescence in the apoAl-treated group indicated a complete
failure of tumor growth and development. Quantitative analy-
ses of the bioluminescence measurements indicated apoAl
treatment inhibited both tumor growth and metastasis by over
100-fold (Fig. 2, Band C, p < 0.05 each). Further illustration of
the dramatic reduction in tumor growth afforded by apoAl
injection is illustrated in Fig. 2D, in which a representative ani-
mal (with fur shaved for bioluminescence analyses) from each
treatment group is shown on day 21 post-tumor inoculation.
Survival analyses similarly showed dramatic protection
afforded by apoA1 injections, with 100% survival in the apoA1-
treated animals throughout the duration of the study (termi-
nated on day 35). This contrasted with a 50% reduction in sur-
vival in the normal saline-treated group by day 21, and with all
animals in this arm dead by day 29 (Fig. 2E).

To examine the impact of apoAl on existing tumor and
metastasis, A1KO animals were inoculated with B16F10L-lu-
ciferase tumor cells, and once both tumors were palpable and
metastasis was detected (day 6), subcutaneous apoAl injections
versus normal saline treatments were initiated. Within 1 week,
asignificant 2-fold reduction in peak tumor and metastasis bur-
den in the apoAl-treated group was observed (Fig. 3, A and B
(inset); p < 0.05 for each). With longer duration of therapy, the
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apoAl-treated animals showed nominal further tumor growth
and metastasis, whereas the normal saline-injected group suc-
cumbed to progressive melanoma tumor development (Fig. 3, A
and B). These data indicate that apoAl not only inhibits or
delays the development of tumor progression (Fig. 2) but, more
importantly, apoAl therapy can shrink and retard further
development of both established tumor and metastasis (Fig. 3,
A and B).

The specificity of the anti-neoplastic biological activity of
apoAl was next examined by comparing the effect of subcuta-
neous injections with either apoA1l or the second most abun-
dant HDL-associated protein, apolipoprotein A2 (apoA2).
A1KO mice were again first inoculated with B16F10L-lucifer-
ase tumor cells, and once tumors were both palpable and
metastasis observed, subcutaneous injections of equivalent
amounts (by mass) of either apoAl or apoA2 were initiated.
Remarkably, although apoAl again promoted tumor and
metastasis regression, apoA2 showed no beneficial effect on
either tumor growth or metastasis (Fig. 3, C and D). Interest-
ingly, apoA2-treated animals showed a tendency toward
enhanced tumor burden and metastasis relative to the normal
saline arm, but the differences did not reach statistical signifi-
cance (Fig. 3C, p = 0.36, day 19; Fig. 3D, p = 0.15, day 19).

Anti-tumor Effects of ApoA1 Are Indirect and Not Associated
with Altered Antigen Presentation or Systemic Lysophosphatidic
Acid Levels—Efforts to reveal the mechanism(s) through which
apoAl mediates its anti-neoplastic activity initially focused on
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FIGURE 2. ApoA1 therapy confers resistance to melanoma development
and improves survival in A1KO mice. Human apoA1 (15 mg per animal) or
normal saline were administered in ATKO mice starting 3 weeks prior to
tumor inoculation (B16F10L-luciferase melanoma) and continued for the
duration of the experiment. Tumor progression was monitored by live (bio-
luminescent) imaging. A, representative image of the dorsal view taken on
day 16 post-tumor inoculation. Tumor burden (B) reflects the sum of lumines-
cence from both dorsal and ventral views, although only the ventral view was
used to quantify metastasis (C). D, representative animals from each treat-
mentarm are shown 21 days post-tumor inoculation. Survival plot is shown in
E. Data points are mean = S.E.

studies examining whether the lipoprotein exhibits a direct
effect on cancer cells, such as reductions in proliferation or
apoptosis rates. However, in vitro treatment of BI6F10L tumor
cells with physiological levels of either apoA1l or reconstituted
nascent HDL demonstrated no significant alterations in cellu-
lar proliferation rate, various cell cycle parameters, or apoptosis
rate, indicating there is no major direct inhibitory effect on the
tumor cells with either apoAl or the lipid-associated lipopro-
tein (data not shown).

Recent studies suggest lipid accumulation in the form of trig-
lycerides within dendritic cells (DCs) can significantly inhibit
their ability to present tumor antigen and activate T cells (35).
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We therefore sought to determine whether DCs in A1KO mice
might be functionally defective leading to accelerated tumor
growth and whether, alternatively, DCs from AlTg mice
showed enhanced capacity to stimulate allogeneic T cells.
CD11c™ DCs were isolated from spleens of naive or BI6F10L-
bearing A1KO and A1Tg mice, and their capacity to promote
allogeneic T cell proliferation was determined in mixed lym-
phocyte proliferation assays. DCs recovered from tumor-bear-
ing A1KO and A1Tg"" mice both stimulated allogeneic T
cells to an equivalent extent (p = 0.99 for comparison between
CD11c" cells from A1KO versus A1Tg mice), each mediating a
3-fold increase in T cell proliferation as compared with DCs
isolated from naive A1KO and A1Tg"’" mice (Fig. 4). The
increase in T cell proliferation observed in the tumor-bearing
mice is consistent with tumor-induced mobilization of DCs
(36). However, the lack of demonstrable differences between
DCsrecovered from A1KO and A1Tg mice argues against an in
vivo role for apoAl in modulating tumor antigen presentation
by DCs and subsequent T cell activation.

Studies by Farias-Eisner and co-workers (29) recently
reported that injection of short anti-inflammatory amphipathic
helical peptides, initially developed as apoA1 mimetics for car-
diovascular disease, can inhibit ovarian cancer, presumably
through binding of the pro-inflammatory lipid, LPA. We there-
fore quantified plasma levels of multiple distinct molecular spe-
cies of lysophosphatidic acid in tumor-bearing A1KO, WT, and
apoA1Tg mice using stable isotope dilution LC-MS/MS analy-
ses. In contrast to results reported with the amphipathic pep-
tides, no significant reductions in any LPA species were noted
(Table 1). The above authors also demonstrated a significantly
higher LPA binding capacity of the amphipathic peptides as
compared with full-length apoAl protein and a correlation
between plasma LPA levels and tumor progression (29). The
absence of any correlation between plasma levels of LPA molec-
ular species and tumor growth in our present studies, along
with the poor LPA binding activity previously noted with full-
length apoA1l (29), indicates a distinct mechanism of anti-tu-
mor activity is present with full-length apoAl protein (this
study) as compared with the short amphipathic peptides previ-
ously reported.

Anti-tumor Effects of ApoAl Require an Immunologically
Intact Host—In the absence of any apparent direct effect on
tumor cells, changes in antigen presentation and T cell prolif-
erative responses in vitro, or involvement of LPA sequestration
as a potential mechanism, we investigated whether the anti-
tumor effect of apoAl was mediated via other changes in the
host immune response to tumor. To test this hypothesis, we
examined whether apoA1 was inhibitory to melanoma progres-
sion in mice deficient in various aspects of the immune system.
B16F10L melanoma cells were inoculated into the severely
immunodeficient NSG mice, which lack mature lymphocytes
(Band T cells), natural killer cells, and fully functional DCs (37).
ApoAl injections resulted in an approximate 5-fold reduction
in tumor growth in the NSG mice (Fig. 54). Because tumor
development was still significantly repressed in response to
apoAl therapy in these immunocompromised mice, these data
suggest that an appreciable portion of the anti-neoplastic activ-
ity observed with apoAl is independent of adaptive immunity,
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FIGURE 3. ApoA1 but not apoA2 therapy promotes regression of established melanoma tumors and metastasis. ATKO mice were inoculated with
B16F10L-luciferase melanoma. Six (A and B) or seven (C and D) days post-tumor inoculation when tumor was palpable and in vivo imaging showed metastasis,
injection of human apoA1 (20 mg per animal); A-D, apoA2 (20 mg per animal); Cand D, or normal saline (A-D) was initiated and continued every other day for
the duration of the experiment. Tumor burden (sum of luminescence from dorsal and ventral sides) is shown in A and C, and metastasis (luminescence from
ventral side) is shown in Band D. Insets (A and B) show data for the apoA1 treatment arm on an expanded scale to better illustrate tumor progression/regression
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FIGURE 4. ApoA1 anti-tumor activity is independent of DC function. Allo-
geneic T cell proliferation induced by splenic DCs. Immunopurified CD11¢*
DCs were isolated from spleens of naive and tumor-bearing A1KO or A1Tg™/*
animals 14 days post-tumor (B16F10L-luciferase) inoculation. Increasing
numbers of irradiated pooled DCs were mixed with a fixed number of T cells
(CD3™) isolated from naive wild type BALB/c splenocytes, and T cell prolifer-
ation was assessed by [*H]thymidine uptake as described under “Experimen-
tal Procedures.”

as the scid defect within NSG mice effectively eliminates adapt-
ive immunity. In contrast, apoAl-induced B16F10L tumor
repression in the fully immunocompetent A1KO mice (Fig. 5B)
was nearly complete compared with that observed in the NSG
mice (Fig. 54), indicating that elements of both innate and
adaptive immunity are required for full anti-neoplastic activity
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by apoAl. To examine if apoAl therapy can be extended to
human tumor xenografts, nude mice, which lack T cells and
show both a partial defect in B cell development and a lack of
cell-mediated immunity, were inoculated with human mela-
noma (A375) cells, followed by either apoAl or normal saline
injections. Interestingly, tumor development was significantly
retarded by nearly 2-fold in the apoAl-treated animals (p =
0.02); however, tumor growth still proceeded within these
apoAl-treated nude mice (Fig. 5C). These results indicate that
although a defect in T cell immunity (Fig. 5C) partially attenu-
ates the anti-neoplastic activity of apoAl (Fig. 5B), a significant
portion of the biological effect of apoAl is mediated by T cell-
independent mechanisms. Importantly, the results in Fig. 5C
also suggest apoAl anti-tumor activity extends to human
tumors. We conclude that elements of both innate and adaptive
immunity are required for full anti-neoplastic activity by
apoAl. Nude and NSG mice have normal levels of murine
apoAl. Inhibition of tumor growth in these mice is supportive
of the relevance of the apoA1 effect under normal physiological
conditions where apoA1 levels are intact.

ApoAl Inhibits MDSC Expansion and Recruitment into the
Tumor Environment—We next explored a potential role for
MDSCs as a possible target for apoAl actions. MDSCs play a
pivotal role in tumor-induced immune suppression and consti-
tute a major component of the leukocyte infiltrate in the tumor
(38). MDSCs are a heterogeneous population of immature mye-
loid cells that have the properties of macrophages, granulo-
cytes, and DCs and whose numbers normally expand in
response to tumor-driven factors, including prostaglandins,
CXCR2, VEGF, and GM-CSF (38, 39). In initial studies we
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TABLE 1

Plasma concentration of lysophosphatidic acid species (nhanomolar) in tumor-bearing mice
The indicated numbers of C57BL/6] mice were inoculated with 10° BL6F10L-luciferase melanoma tumor cells per flank. Plasma was recovered from tumor-bearing animals
17 days post-tumor inoculation. Individual molecular species of LPA were quantified by LC-MS/MS as described under “Experimental Procedures.” Data are presented as
mean * S.E. p values were calculated by two-tailed Student’s ¢ test. Note that no significant difference between any of the groups for any of the LPA molecular species or
the total of all LPA species was observed.

p value
LPA wWT A1KO AlTg*'~ WT versus WT versus A1KO versus
species (n=12) (n=8) (n=12) A1KO Al1Tg*'~ AlTg*'~
C14:0LPA 0.32 £ 0.10 0.34 + 0.20 0.21 = 0.08 0.93 0.42 0.56
C16:0LPA 25.84 = 3.51 27.83 = 3.69 43.79 = 7.72 0.70 0.05 0.08
C18:0LPA 1046 = 1.17 12.64 = 3.11 11.94 * 1.16 0.53 0.38 0.84
C18:1LPA 25.26 = 4.25 21.51 £1.91 34.97 £ 8.22 0.43 0.31 0.14
C18:2LPA 233.55 £ 2241 249.01 = 31.46 271.76 * 43.31 0.70 0.44 0.68
C18:3LPA 2.73 £ 0.67 3.68 £ 0.75 6.03 = 1.73 0.36 0.10 0.23
C20:0LPA 0.13 £ 0.08 0.12 + 0.12 0.34 = 0.19 0.97 0.33 0.35
C20:4LPA 63.59 = 8.71 65.88 = 4.91 88.60 * 14.12 0.82 0.15 0.15
C20:5LPA 0.89 £ 0.20 1.29 = 0.33 2.14 £ 0.55 0.33 0.05 0.21
C22:0LPA 0.44 *+0.19 0.51 = 0.19 0.45 = 0.20 0.79 0.96 0.84
C22:5LPA 25.94 = 1.29 29.59 = 1.17 28.64 = 3.71 0.05 0.50 0.81
LPA (total) 389.13 = 36.92 412.39 = 38.11 488.88 + 78.37 0.67 0.27 0.39
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FIGURE 5. ApoA1 anti-neoplastic activity involves both innate and adapt-
ive immunity. Human apoA1 injections (20 mg, s.c., every other day) were
initiated on day 1 in NSG mice (A), A1KO mice (B), and Nude mice (C). Mean
tumor volumes in mice inoculated with B16F10L-luciferase melanoma cells
(A and B, day 21) or human melanoma A375 cells (C, day 20) are shown. Hor-
izontal bars represent median tumor volumes of the data series.

examined the impact of reconstituted nascent HDL on cultured
bone marrow-derived macrophages. Of note, in the presence of
HDL, expression levels of PtgsI (COX-1) and Cxcl2, the ligand
for CXCR2, were significantly (»p < 0.01 each) reduced (supple-
mental Table 1). The in vivo relevance of an apoAl effect on
MDSC was therefore next examined by testing whether A1Tg
mice might accumulate fewer peripheral (splenic) MDSCs in
response to tumor challenge. Flow cytometry analyses of sple-
nic cells harvested 14 days after either vehicle (i.e. naive) or
tumor cell inoculation revealed that in naive tumor-free mice,
CD11b"GR-1" (MDSC) cells showed only small numbers in
the spleen (Fig. 6A). Myeloid differentiation antigen GR-1
consists of two epitopes, LY-6G and LY-6C, and MDSCs
consist of two major subsets, the granulocytic CD11b*LY-
6GME"LY-6C" (CD11b*GR-1"¢") and the monocytic
CD11b*LY-6G"“LY-6CMe" (CD11b"GR-1'"°%) populations.
Further flow cytometry analyses revealed a significant (p =
0.03) 2-fold tumor-induced increase in the percentage of sple-
nic MDSCs recovered from A1KO mice, whereas no significant
increase was observed in splenic MDSCs recovered from
A1Tg"’" mice (Fig. 6A). These data suggest expansion of sple-
nic MDSC in response to the B16F10L tumor is attenuated in
A1Tg"" mice. Confirmation of this was observed in a subse-
quent experiment in which tumor-bearing spleens from A1KO
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FIGURE 6. ApoA1 therapy inhibits accumulation of MDSCs in tumor bed.
A and B, flow cytometry was performed on splenocytes from indicated gen-
otypes inoculated with normal saline (naive) or B16F10L-luciferase mela-
noma cells (two sites, 1 X 10 cells per site) (A) or inoculated with B16F10L-
luciferase melanoma cells at four separate sites (B, 1 X 10° cells per site) and
sacrificed on day 14 (A) or day 12 (B) post-tumor inoculation. Data points are
mean = S.E. G, representative day 7, B16F10L-luciferase tumor staining from
A1KO and A1Tg ™"~ mice for GR17 cells. Main image is at X 10 and the inset is
at X40 magnification with scale bars representing 20 wm. D, subcutaneous
day 15 B16F10L-luciferase tumors were excised from A1KO tumor-bearing
mice treated with apoA1 therapy (20 mg/day/animal on days 10-14 post-
tumor inoculation; 10° tumor cells/site; six sites per animal) and pooled (n =
number of animals/treatment arm). Tumors were digested, and single cell
suspensions were surface-stained for MDSCs (CD11b* GR1") and processed
by flow cytometry as described under “Experimental Procedures.” Immune
cells are expressed as frequency of live CD45.2™ cells (tumor-infiltrating leu-
kocytes; TILs).

and A1Tg"’~ mice were examined 12 days post-tumor cell
inoculation. Decreased expansion of CD11b*GR-1* MDSCs
was noted in the A1Tg"’~ versus A1KO tumor-bearing mice
(3.9% versus 5.9%, respectively; p = 0.02, Fig. 6B). Of note,
mature macrophages (indicated by F4/80™ staining) were also
significantly decreased in the spleens of the A1Tg"'~ versus
A1KO tumor-bearing mice (9.1% versus 11.8%; p = 0.01, Fig.
6B).
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Current tumor immunobiology paradigms imply that
MDSCs in tumor-bearing animals contribute to tumor pro-
gression, increased angiogenesis, and decreased immune sur-
veillance, with MDSC levels being elevated not only in the cir-
culation and peripheral immune organs but also in and around
the tumor itself (38, 40). Consistent with our observation of
decreased CD11b*GR-1" cells in the spleens of tumor-bearing
A1Tg mice, examination of BI6F10L primary tumor tissue for
the presence of CD11b*GR-1" cells revealed that these cells
were easily detected in primary tumors in A1KO mice but were
significantly less abundant in A1Tg"/~ mice (Fig. 6C shows a
representative example). Importantly, apoAl therapy (days
10-14 post-tumor inoculation) in A1KO mice reduced (by 50%
compared with control saline-injected) the accumulation of
CD11b"GR-17" in primary tumors (Fig. 6D). Together, the
above results indicate an inhibitory role for apoAl in MDSC
expansion and recruitment to the tumor microenvironment.

Tumor-associated Angiogenesis and Tumor Invasion Are
Inhibited by ApoA1—Tumor neoangiogenesis is required for
tumor growth and metastasis. The dramatic inhibitory effect of
apoAl on tumor growth and metastasis suggested another
potential mechanism through which apoA1 may exert its anti-
neoplastic effect(s) may be via inhibition of angiogenesis.
Quantitative analyses of blood vessels directly feeding into day
7 primary mouse melanoma tumors revealed a significant (p <
0.005) >2-fold decrease in the number of vessels in tumors
from A1Tg"/* mice compared with A1KO hosts (Fig. 7A), con-
sistent with apoA1 having an inhibitory effect on neoangiogen-
esis in the tumor bed. More detailed comparisons in A1Tg*/*
versus A1KO mice revealed marked reduction in multiple key
properties of the vascular network feeding the tumor within the
A1Tg"’" mice, including reduction in vessel area, vessel length
density, and size of vessels (p < 0.005 for each; Fig. 7, C-E).
Thus, primary tumors from animals with the same initial tumor
burden exhibited decreased angiogenesis in the presence of
apoAl.

Angiogenesis can be vascular endothelial growth factor
(VEGF-A)-dependent or -independent (41, 42). Examination of
Vegfa mRNA expression and VEGF protein levels from tumor
tissue recovered 7 days post-cancer cell inoculation in A1Tg
animals exhibited a modest increase relative to that observed in
A1KO animals (Fig. 7F). Thus, the reduction in angiogenesis
observed within the A1Tganimals does not appear to be related
to VEGF. This result contrasts with the recent finding that in an
ovarian cancer model short amphipathic peptide mimetics of
apoAl directly reduced the viability of tumor cells in tissue
culture and inhibited production of VEGF (28).

ApoAl Inhibits MMP-9—Matrix metalloproteinases are
zinc-dependent extracellular matrix-degrading enzymes criti-
cal for tumor angiogenesis, invasion, and metastasis in many
cancers. Higher levels of active MMP-9 have been observed in
more invasive and metastatic melanoma tumors (43). Expres-
sion of latent MMP-9 is regulated at the level of transcription,
whereas its enzymatic activity is controlled by specific proteo-
lytic cleavage of pro-MMP-9 (43). We therefore investigated
whether apoA1l or reconstituted nascent HDL could lead to
decreased levels of MMP-9 that would negatively affect cell
invasion through a basement membrane. Initially, we tested
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FIGURE 7. Reduced angiogenesis in primary tumors from A1Tg mice.
Angiogenesis was assessed in B16F10L-luciferase melanoma bearing mice 7
days post-tumor inoculation. A and B, number of vessels feeding directly into
the primary tumor was counted under a microscope as described under
“Experimental Procedures.” Images of tumor were captured at X12.5 magni-
fication (B, left). The region of interest (B, middle; white) representing the
tumor mass defined the perimeter of the tumor. The output was a series of
color generation maps (colored vessels on black background) in which the
largest diameter vessels were defined as G, (red), with each subsequent
smaller generation represented as G,—Gg (B, right). These images were used to
quantitate total vessel area (C), vessel length density (D), and size of vessels
(E), as described under “Experimental Procedures.” F, day 7 B16F 10L-lucifer-
ase subcutaneous tumors were homogenized for RNA or protein as described
under “Experimental Procedures.” F, left panel, TagMan assays for murine
Vegfa were normalized to B2m and expressed as relative quantification (RQ).
Bar graphs represent mean of the data series. F, right panel, VEGF dimer pro-
tein as detected by Western blot and normalized to -actin. Horizontal bars
represent median of the data series. n = number of tumor inoculation sites in
A-E or the number of animalsin F.

this idea directly on B16F10L tumor cells in vitro using a cell
invasion assay. Exposure of cells to plasma levels of either HDL
or apoAl resulted in modest (~10%) but statistically significant
impairment in tumor cell invasion across the basement mem-
brane (data not shown). Given this small direct effect of the
lipoprotein on B16F10L cell invasion in vitro, we next examined
if this effect might be amplified in vivo and result as a conse-
quence of decreased MMP-9 levels in tumors. Although no sig-
nificant differences in Mmp9 mRNA level from day 7 mela-
noma tumors harvested from A1KO and AlTg hosts were
observed (p = 0.53, n = 8 per group, data not shown), MMP-9
protein levels were a significant 1.8-fold lower (»p < 0.05) in
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FIGURE 8. Reduced MMP-9 activity in primary tumors from A1Tg mice.
Day 7 B16F10L-luciferase subcutaneous tumors were homogenized for
whole cell protein extract as described under “Experimental Procedures.” A,
levels of MMP-9 protein detected by Western blot with B-actin as loading
control. B, MMP-9 enzyme activity in tumor extracts was assayed as described
under “Experimental Procedures.” Horizontal bars in A and B represent the
median of the data series. n = number of animals.
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tumors from A1Tg mice (Fig. 84) and displayed decreased lev-
els (>2-fold, p < 0.05) of enzymatic activity (Fig. 8B). ApoAl
thus appears to inhibit the level and activation of MMP-9 in the
tumor microenvironment. In support of this, HDL inhibited the
expression of Mmp9 in bone marrow-derived macrophages
from WT mice (supplemental Table 1).

ApoAl Suppresses Expression of Survivin in the Tumor Bed—
Tumors develop mechanisms to overcome death signals initi-
ated by host cytotoxic immune cells (44). Survivin is a member
of the inhibitor of apoptosis protein family of proteins with
both anti-apoptotic and cell cycle promoting activities (44). In
melanoma, higher cellular levels of survivin, and in particular
nuclear localization of the protein, are associated with
increased tumor aggressiveness and poorer patient outcome
(45). Conversely, survivin down-regulation sensitizes mela-
noma cells to apoptosis (45). Examination of survivin protein
levels and intracellular localization within day 7 primary mela-
noma tumors from A1Tg and A1KO mice showed survivin was
expressed at a 2.7-fold lower level in A1Tg mice (Fig. 94) with
~24% of nuclei staining positive, as compared with ~50% of the
nuclei in the A1KO group (Fig. 9B). Tumors from A1KO mice
showed higher levels of survivin in both non-nuclear and
nuclear compartments (3- and 2.4-fold, respectively, p < 0.05
for each; data not shown). The higher protein levels of survivin
in tumors from A1KO relative to A1Tg animals paralleled a
higher survivin mRNA level observed in this group (1.4-fold,
p = 0.006, data not shown). These results were also consistent
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FIGURE 9. Reduced survivin expression in primary tumors from A1Tg
mice. A, primary day 7 B16F10L-luciferase tumors were subjected to immu-
nohistochemistry for survivin as described under “Experimental Procedures.”
Images were captured and quantified for positive survivin staining (A) and
number of nuclei positive for survivin (B) as described under “Experimental
Procedures.”

with observed inhibitory effects of HDL on Birc5 (survivin) in
bone marrow-derived macrophages in culture (supplemental
Table 1).

ApoA1l Promotes Anti-tumor Effects in Vivo through Tumor-
associated Macrophages—Many tumor-infiltrating leukocytes
with tumoricidal activity are of myeloid origin and character-
ized by surface expression of CD11b*. We therefore next
explored whether an additional potential contributory mecha-
nism for the anti-neoplastic activity of apoAl might occur via
apoAl influencing the extent of tumor invasion by CD11b™"
monocyte-derived macrophages. This was of interest because
Tall and co-workers (46) recently demonstrated mice deficient
in the adenosine triphosphate-binding cassette (ABC) trans-
porters ABCA1 and ABCG1, which are participants in HDL
metabolism, display a peripheral monocytosis as a result of a
myeloproliferative disorder, suggesting that HDL may inhibit
the proliferation of hematopoietic stem cells linked to the
observed monocytosis in the ABCA1- and ABCG1-deficient
mice. We therefore first examined whether differences in levels
of circulating monocytes were observed among A1KO, WT,
and A1Tg mice. Hematologic analyses revealed a significant
2.5-fold higher level of circulating monocytes in A1Tg mice
compared with A1KO (p < 0.001, supplemental Table 2) and a
near significant increase in absolute monocyte count in WT
versus A1KO mice (p = 0.06, supplemental Table 2). We there-
fore next examined whether there was differential recruitment
of CD11b™ cells within tumor beds in our mouse model for
melanoma. CD11b is an adhesion surface molecule that plays a
role in adherence of immune effector cytotoxic cells, such as
natural killer cells, to target cells (e.g. tumors) and is present on
numerous monocyte-derived cell types, including MDSCs,
macrophages, and DCs. Whether these infiltrating leukocytes
fight or promote the tumor depends on the nature of the tumor
microenvironment (47). Tumors from A1Tg mice (compared
with those from A1KO mice) exhibited increased numbers of
CD11b™ cells both within the primary tumor bed and in the
surrounding stromal region (Fig. 10). Immunostaining of
tumors with anti-F4/80" antibody demonstrated colocaliza-
tion with the majority of the CD11b™ staining, indicating that
the CD11b™ cells are primarily macrophages (Fig. 104, lower
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FIGURE 10. ApoA1 promotes the infiltration of F4/80" macrophages into
tumor bed. Primary day 7 B16F10L-luciferase tumors were subjected to
immunohistochemistry for CD11b™ or F4/80™ (red) and nuclei stained with
DAPI (blue). The entire tumor area was captured with a X20 lens, and digitized
images were assessed for positive staining as described under “Experimental
Procedures.” Representative images for anti CD11b™ or F4/80" staining of
tumors are shown in A. Top panels were stained for CD11b™, and lower panels
were stained for F4/80™. Scale bars represent 500 uwm. Insets from A are shown
at a higher magnification in B where scale bars represent 75 um. CD11b pro-
tein expression was quantified as described under “Experimental Proce-
dures.” C, data indicate the numbers and genotypes of mice.

right panel). Double staining of the same tumor section fol-
lowed by confocal microscopy proved these cells to be primarily
Cd11b"F480™ (supplemental Fig. 1).

To determine whether these TAMs might fight or promote
tumor growth, tumors were harvested, digested, and TAMS
immunopurified. Targeted expression profiling of the recov-
ered TAMS for 13 distinct genes associated with either M1 or
M2 phenotypes revealed M1 classically activated phenotypes
for TAMs recovered from primary tumors isolated from A1Tg
mice compared with A1KO mice (Table 2). In further studies,
F4/80" cells were recovered from tumor-bearing A1Tg and
A1KO mice and examined for tumoricidal activity at different
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TABLE 2

B16F10L-luciferase day 17

Shown are quantitative RT-PCR results of candidate genes expressed in
F4/80" (TAMS) immunopurified from day 17 primary subcutaneous melanoma
tumors, as described under “Experimental Procedures.”

F4/80% (TAMs) A1Tg**/A1KO

M1 immune M2 immune

stimulatory suppressive RQ (95% CI)
1 Ifng 24.3 (22.1-26.7)
1 Cel22 5.44 (5.08-5.83)
116 2.82 (2.68-2.96)
1 Nos2 2.16 (2.01-2.33)
1 Cx3cll 2.12 (1.97-2.29)
Y 1112b 1.85 (1.76-1.94)
1 1l1b 1.80(1.72-1.89)
1 Cel7 1.36 (1.36-1.37)
1 Cxell0 1.27 (1.25-1.28)
| Pparg 0.57 (0.56-0.58)
| 110 0.66 (0.61-0.73)
| Cchiz13 0.78 (0.76—-0.80)
1 Argl 2.31 (2.26-2.37)

effector (F4/80™ cells) to target (B16F10L tumor cells) ratios.
F4/807 cells recovered from the tumor-bearing A1Tg mice, but
not A1KO mice, exhibited direct anti-tumor activity in vitro
(Fig. 11), consistent with the expression profile observed of a
classically activated M1 phenotype for macrophages in the
apoAl-expressing hosts (Table 2).

The cytokine IL-12 is known to orchestrate a Th1 anti-tumor
response in major part through IFN-vy (Ifng) and downstream
chemokines MIG (Cxcl9) and IP-10 (Cxcl10), which attract
cytotoxic CD8 T cells into the tumor bed and thus potentiate an
anti-tumor program (48, 49). The observed elevated expression
levels of Ifng, I112b, and Cxcl10 in TAMS isolated from tumor-
bearing A1Tg"/* animals (Table 2) led us to hypothesize that
one mechanism through which apoAl may promote an anti-
tumor effect is via a TAM-mediated increase in accumulation
of cytotoxic CD8T cells in the A1Tg"/* tumor environment.
To test this, we used flow cytometry to examine digested mel-
anoma tumors recovered from A1Tg"’" animals versus A1KO
for CDS8T cell infiltration. Consistent with this hypothesis, we
observed a 4-fold increased infiltration of tumor-infiltrating
leukocytes (TILs) and a 2-fold higher level of CD8 T cells in day
15 melanoma tumors from A1Tg"’" animals compared with
A1KO (Fig. 12). This observation was specific to the CD8 T
subset of TILs, because CD4 T levels were similar in tumors
from both genotypes (Fig. 12).

DISCUSSION

This study provides unequivocal evidence for potent anti-
tumorigenic activity by apoA1l, the major HDL-associated pro-
tein. The scheme shown in Fig. 13 summarizes our current
understanding of the net functional effects of apoA1/HDL in
the tumor microenvironment. An inhibitory role for apoAl/
HDL on tumor growth and metastasis is supported by numer-
ous observations, including demonstration that mice lacking
apoAl (A1KO) develop tumors at a much more rapid pace and
are at a significant survival disadvantage, whereas tumor pro-
gression is dramatically restrained, and survival is improved in a
dose-dependent manner in mice expressing apoAl. Impor-
tantly, subcutaneous injection of apoA1 distant from the tumor
site markedly suppressed tumor development and metastasis
formation, and when provided later in the disease course it
promoted existing tumor and metastasis regression.
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FIGURE 11. F4/80™" cells recovered from tumor-bearing A1Tg mice are
cytotoxic to tumor cells in vitro. F4/80™ effector (E) cells immunopurified
from elicited peritoneal exudates of day 19 tumor-bearing animals were
cocultured with B16F10L target () cells in vitro, and cell viability was assessed
after 3 days as described under “Experimental Procedures.”
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FIGURE 12. ApoA1 promotes tumor infiltration of cytotoxic CD8 T cells.
FACS analysis of pooled tumors (per genotype; six sites/animal; n = number
of animals). Day 15 tumors were digested and labeled with antibodies to
surface antigens as described under “Experimental Procedures.” TILs were
identified as CD45.2", and the percent of TILs that were either CD3"CD8" or
CD3"CD4* was quantified by flow cytometry as described under “Experi-
mental Procedures.”

Our in vitro studies indicate apoA1l and HDL do not directly
inhibit tumor cell growth nor directly promote tumor cell apo-
ptosis in culture; however, in vitro incubation studies did reveal
that HDL does suppress tumor cell invasion potential in a mod-
est but significant manner. Two prominent effects of apoAl
within the tumor bed in vivo are inhibition of tumor-associated
angiogenesis and concomitant reduction in MMP-9 protein
levels and activity, a critical matrix-degrading enzyme whose
action culminates in the availability of pro-angiogenic factors
(50). The notion that apoAl decreases a tumor-permissive
environment is based on reduced accumulation of MDSC
within the tumor bed and decreased expression and nuclear
localization of survivin protein in tumor tissue from apoAl
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FIGURE 13. Net functional effects of apoA1/HDL in tumor microenviron-
ment. Overall scheme describing role of apoA1/HDL in the tumor microenvi-
ronment in melanoma tumor biology.

transgenic mice. This anti-apoptotic, pro-survival protein
appears to be a downstream target in apoA1/HDL signaling
because in separate studies we observed that direct treatment of
bone marrow-derived macrophages with HDL in vitro leads to
a significant (p < 0.01; 2-fold) decrease in Birc5 (survivin) gene
expression (supplemental Table 1). Interestingly, HDL also sig-
nificantly (p < 0.01; 4.5-fold) repressed the expression of
Mmp9 in macrophages in vitro (supplemental Table 1). Thus,
rather than a direct effect on the tumor cell, our data repeatedly
suggest that apoAl in vivo exerts anti-neoplastic biological
effects indirectly via alterations in macrophage and other
immune cell functions.

Our animal model studies demonstrated a role for apoAl
anti-tumor effect on elements of both innate and adaptive arms
of immunity to realize its full anti-tumor biological activity in
vivo. Thus, a prominent biological activity promoted by apoA1l
appears to be suppression of peripheral expansion and tumor
recruitment and accumulation of MDSCs, potent stimulators
of tumor growth. The increased circulating absolute monocyte
counts, and influx of CD11b "F4/80™ macrophages into tumors
of A1Tg animals as compared with those from A1KO mice,
suggest another biological effect of the lipoprotein is to aug-
ment the innate arm of the immune system. Importantly, in the
presence of apoAl, the infiltrating macrophages exhibited an
anti-tumorigenic M1 classically activated phenotype. Interest-
ingly, HDL and apoA1l have previously been shown to inhibit
phorbol myristate acetate- or LPS-induced surface expression
of CD11b adhesion molecules in human monocytes (51).
ApoAl mediates this effect in vitro through the ATP-binding
cassette transporter ABCA1 (51). Disturbance of lipid raft for-
mation, presumably mediated via reductions in membrane
cholesterol content by apoA1 and HDL as cholesterol acceptors
via the ABCA1 or ABCG1 transporter, respectively, has been
suggested to inhibit downstream signaling, altering some cellu-
lar functions in immune cells. ApoA1/HDL were reported to
inhibit monocyte differentiation into functional dendritic cells
(52) and were shown to inhibit the capacity of antigen-present-
ing cells to stimulate T cell activation (53). Although the above
studies were conducted in vitro, the possibility that apoA1-de-
pendent modulation of cholesterol content of the immune cells
within the tumor bed occurs and somehow participates in the
phenotype observed in the present studies remains to be
explored. Previous studies have also demonstrated that mice
deficient in both ABCA1 and ABCG1 (DKO) exhibit leukocy-
tosis as a result of hyper-proliferation of hematopoietic stem
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and progenitor cells (46). Transplantation of DKO bone mar-
row hematopoietic stem and progenitor cells into apoA1 trans-
genic mice reversed this myeloproliferative disorder (46).
These data lead to the suggestion that HDL and ABCA1/
ABCGI transporters inhibit leukocytosis in major part through
disruption of cholesterol-rich lipid rafts and their associated
downstream signaling. In contrast, we observed increased cir-
culating monocytes in A1Tg, twice as much as in A1KO mice
(supplemental Table 2). At this time we cannot offer any expla-
nation for this apparent discrepancy but suggest that regulation
of myeloid cell homeostasis by lipid metabolism pathways is
likely to be complex.

Given that MDSCs (54, 55), as well as M2 but not M1 macro-
phages (56), are proangiogenic, the reduction in angiogenesis
observed in the tumors of apoA1Tg mice, and apoAl-treated
mice appears also to be attributable in part to a reduction in the
number of functional myeloid cells with pro-angiogenic activ-
ity. Complete apoA1 anti-tumor activity required both adaptive
and innate arms of immunity (Fig. 5). ApoA1 anti-tumor activ-
ity was associated with TAM elaboration of enhanced Ifng and
accumulation of CD8 T lymphocytes (Fig. 12). T cell infiltration
of solid tumors such as melanoma is in general considered
indicative of a favorable prognosis (57, 58).

These findings have clinical relevance at multiple levels.
First, our studies demonstrated that human apoA1l dramati-
cally reduces tumor growth and metastasis in malignant mela-
noma and Lewis lung carcinoma and within nude mice inocu-
lated with human malignant melanoma tumor cells, supporting
the notion that apoA1 anti-neoplastic activity is a general phe-
nomenon and not species- or cancer-specific. However, clearly
more human tumor types need to be screened to more fully
understand the breadth of tumor types with which apoA1-de-
pendent anti-tumor activity is observed. Furthermore, during
the conduct of these studies, a large meta analysis of random-
ized controlled trials of lipid-altering therapies was reported
that suggested an inverse relationship between plasma HDL
cholesterol levels and the incidence of cancer development dur-
ing the conduct of the trials (59). Specifically, for every 10 mg/dl
increase in plasma HDL cholesterol level among trial partici-
pants, a significant 36% lower risk of cancer incidence was
noted over 625,000 person-years of follow-up and >8,000 inci-
dents of cancers cumulatively among the trials included in the
meta analysis (59). Although such meta analyses are hypotheses
generating and cannot serve as proof for an anti-cancer effect of
HDL/apoAl in humans, they are provocative. It is thus also of
interest that another recent population-based prospective
cohort study (n = 17,779) in China similarly reported a 2-fold
cancer risk associated with low HDL cholesterol (60). Collec-
tively, the present studies, coupled with these epidemiological
studies in humans, suggest that HDL may be linked to tumor
cell biology in humans.

As noted in the Introduction, studies with a series of
amphipathic helical peptides that possess potent anti-inflam-
matory activities were recently reported to impact ovarian can-
cer tumor growth (29). These amphipathic peptides were ini-
tially reported to serve as apoAl mimetic peptides in
atherosclerosis studies, but more recent experiments in a vari-
ety of cardiovascular and inflammation models suggest their

JULY 19,2013 -VOLUME 288+NUMBER 29

ApoAT1 Redirects TAMs toward Tumor Rejection

biological activities are markedly distinct from apoAl. It is thus
perhaps not surprising that the relatively modest anti-tumor
mechanism(s) reported for the short amphipathic peptides
appear markedly distinct from those observed in this study
because the peptide mimetics in tissue culture directly reduced
the viability of ovarian cancer cells and the amphipathic pep-
tides inhibited production of VEGF (28, 29). In this study, we
observed that intact apoAl promoted neither of these direct
activities on cultured tumor cells. Moreover, it has been sug-
gested that the amphipathic peptides act through binding of
lysophosphatidic acid (29). However, this does not appear to be
the case with intact apoAl in this study because in separate
stable isotope dilution LC-MS/MS experiments we observed no
significant differences in plasma levels of multiple distinct
molecular species of lysophosphatidic acid of tumor-bearing
A1KO, WT, and A1Tg mice (Table 1).

One interesting observation in this study is the consistent
demonstration of lower levels of splenic MDSCs in Al1Tg
tumor-bearing mice compared with A1KO animals, as well as
reduced accumulation of these immune suppressive cells with
apoAl therapy (Fig. 6D). MDSCs are the major cellular media-
tors of defective anti-tumor immunity, and typically expand in
response to pro-inflammatory signals originating from both
tumor and host cells within the tumor microenvironment. The
above effect of apoAl on MDSC numbers thus suggest that
apoAl inhibits tumor-initiated inflammatory signals that lead
to expansion of these immunosuppressive cells. It is of interest
to note that monocyte-derived macrophages from human sub-
jects with low HDL were recently reported to exhibit a pro-
inflammatory gene expression signature (61). Similarly, we also
observed that incubation of bone marrow-derived macro-
phages in the presence versus the absence of reconstituted nas-
cent HDL particles results in suppression of pro-inflammatory
genes such as S100a8, S100a9, Mmp9, Ccl2 and that of the
immunosuppressive cytokine, 1710, and chemokine, Ccl7 (p <
0.01 for each, supplemental Table 1). We also observed fewer
GR1™ cells in the tumor microenvironment of apoA1l-express-
ing hosts (Fig. 6C). ApoA1/HDL was recently shown to inhibit
neutrophil activation, adhesion, and migration (62).

The pronounced anti-neoplastic effects observed for apoAl
in vivo in this study add to the growing list of evidence indicat-
ing that the lipoprotein has evolved to function as more than
simply a shuttle of cholesterol cargo. It remains to be shown
whether anti-tumor activity of apoAl/HDL arises in part
through modulation of immune cell function via regulation of
cholesterol content in critical subcellular compartments. Iden-
tification of potent immune modulatory effects with result-
ant anti-tumor biological activity of apoAl suggests that
pharmacological delivery of apoAl may be exploited for
therapeutic gain as an anticancer agent or for tumor/metas-
tasis regression. Indeed, our studies show administration of
apoAl after palpable tumor formation and metastasis detec-
tion leads to 50% shrinkage of peak tumor and metastasis
burden within a week. It is of interest that despite the failure
of multiple HDL cholesterol-raising drugs, apoAl infusions
or apoAl-elevating drugs have thus far shown potential ther-
apeutic benefit and are being developed as potential thera-
peutics for cardiovascular disease (25, 63—65). This study
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thus indicates that apoA1l also represents a viable therapeu-
tic agent for evaluation in malignant melanoma and possibly
other cancers in humans.
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